The levels of noradrenaline (NA), serotonin (5-HT), and 5-hydroxyindoleacetic acid were measured by HPLC and compared between the large arteries of the circle of Willis and the small pial vessels in the rat, fol lowing either electrical stimulation of the dorsal raphe nucleus or bilateral superior cervical ganglionectomy. With electrical stimulation, the 5-HT concentrations were reduced (-48%) in the small pial vessels, but were un changed in the major cerebral arteries. NA concentra tions were dramatically reduced following cervical sym pathectomy in the large arteries ( -77%), though the re-Abbreviations used: 5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, serotonin; NA, noradrenaline.
The arterial circulation of the brain does not com prise a functionally homogeneous population of vessels. The reactivity in response to a number of physiological changes or drug application in situ or in vitro depends on vessel caliber, as has been re viewed elsewhere (McCulloch and Edvinsson, 1984) . Despite major functional differences, the dis tinction between the various categories of vessels has rarely been studied (Duverger et aI. , 1987) .
Previous histochemical and biochemical studies have pointed to the existence of serotonergic nerves (that originate in the rostral raphe nuclei) in both large arteries of the circle of Willis and small pial duction was less pronounced (-34%) in the small vessels. Sympathectomy caused a significant decrease in the 5-HT concentration of the major cerebral arteries (-33%), but was without effect on the 5-HT levels of the small pial vessels. These results show that an appreciable fraction of the perivascular 5-HT measured in the small pial and the large cerebral arteries originates from differ ent sources. Key Words: Dorsal raphe nucleus-Elec trical stimulation-Major cerebral arteries-Serotonin Small pial vessels-Sympathectomy. arterioles in the rat (Reinhard et aI., 1979; Edvins son et aI., 1983; Scatton et aI., 1985; Duverger et aI., 1987) .
Recently, the physiological nature and impor tance of this perivascular serotonin (5-HT) have be come the subject of controversy. Various authors have presented evidence to show that the 5-HT im munoreactivity in large cerebral arteries disappears after sympathectomy (Saito and Lee, 1987; Chang et aI., 1988) .
The purpose of the present investigation was to define the origin of the serotonergic innervation of both large and small arteries in experiments in which either the dorsal raphe nucleus was electri cally stimulated or the superior cervical ganglia were removed.
MATERIALS AND METHODS
All experiments were carried out on male albino Sprague-Dawley rats (COBS CD strain, body weight 220-240 g; Charles River, France).
Electrical stimulation of the dorsal raphe nucleus was performed under light anesthesia with a-chloralose (30 mg/kg s.c.), which allowed continuous anesthesia during the following 3 h. d-Tubocurarine (3 mglkg s.c.) was ad ministered to allow artificial ventilation. Arterial pres sure, heart rate, and rectal temperature were continu ously monitored and other physiological parameters (Pac02 ' Pao2, pH) were periodically analyzed and main tained within normal limits.
A monopolar electrode was stereotaxically inserted into the dorsal raphe nucleus in 10 rats [anterior: + 4; lateral: 0; H: + 4.9 mm; according to the atlas of Paxinos and Watson (1986) ] with a posterior angle of 40° to avoid the superior sagittal sinus (Bonvento et aI., 1989) .
Three hours after the induction of anesthesia, monophasic pulses (50 f,LA, 200 Hz, 1 s onl1 s off, pulse duration 0.5 ms) were delivered for 15 min. In 10 sham operated rats, the electrode was placed 1 mm above the dorsal raphe nucleus to avoid any mechanical stimulation and no current was applied.
Sympathectomies were carried out in 10 rats. The rats were anesthetized with halothane (2% in 02)' Superior cervical sympathetic ganglia were removed bilaterally and the animals were perfused 7 days after superior cer vical ganglionectomy. For tissue sampling, the rats were perfused in situ with heparinized saline (2,500 lUlL), under halothane (2% in 02) anesthesia, through a catheter introduced into the aortic arch via the apex of the left ventricle. The perfu sion (110 mm Hg) was maintained for 10 min so as to remove all formed blood elements.
Thereafter, the rats were decapitated. The skull was opened and the dura mater reflected. The small pial ves sels and arachnoid mater (superficial leptomeningeal tis sues) and the major cerebral vessels were removed bilat erally from the whole brain under microscope using fine forceps and iridectomy scissors. The pia mater and un derlying cortex were not disturbed. Brain structures were dissected out and the tissues were immediately placed on dry ice and stored at -80°C prior to analysis.
For the measurements of the endogenous levels of 5-HT, 5-hydroxyindoleacetic acid (5-HIAA), and noradren aline (NA), the vessels and brain tissues were homoge nized in 0.1 M perchloric acid, and after centrifugation (8,000 g for 2 min), the neurotransmitters and their me tabolites were assayed in 50 f,LI of the supernatant by HPLC with electrochemical detection (Semerdjian Rouquier et aI., 1981). The limit of sensitivity of the assay (signal/noise ratio of 2) was 10 pg for 5-HT and NA. Pro teins were measured according to Lowry and co-workers (1951) .
Statistical analysis of the data was performed by anal ysis of variance followed by Student's t test.
RESULTS AND DISCUSSION
The present study shows the presence of signifi cant endogenous concentrations of 5-HT and 5-HIAA (Table I) in the large arteries and small ves sels of the rat cerebral vasculature, findings that concur with previous work (Scatton et aI., 1985; Duverger et aI., 1987) . The possibility that the pres ence of 5-HT and 5-HIAA may be due to a cortical contamination is unlikely, based on the microscopic dissection procedure of the pial vessels. Further more, the fact that histology of the pial vessels has failed to show the presence of any contaminating tissue and that, with the different experimental ma nipulations, alterations of neurotransmitter concen tration of the cortex differ from those of the pial vessels lend further support to the improbability of cortical contamination of the pial vessel samples.
Electrical stimulation of the dorsal raphe nucleus induced an increase in MABP (20 mm Hg). No sig nificant changes were observed in other physiolog ical parameters measured. Following electrical stimulation ( Table 1) there was an increase in 5-HIAA concentration in the striatum, which receives its serotonergic afferents exclusively from the dor sal raphe nucleus, but not in the hippocampus, the serotonergic innervation of which originates in the median raphe nucleus (Azmitia and Segal, 1978) . The restricted regional nature of this response strongly suggests that our stimulation conditions lead to a specific activation of those serotonergic cell bodies located in the dorsal raphe nucleus. Af ter such stimulation, a decrease in perivascular 5-HT concentrations was noted in the small pial vas- Results are means ± SD of data obtained from 10 rats per group. a p < 0.001, bp < 0.01, cp < 0.05 vs. respective controls, Student's t test.
cular fraction but not in the major cerebral arteries. This result would support the existence of a central serotonergic innervation of the small pial vessels, yet casts in doubt the possibility of a similar inner vation of the major cerebral arteries. The depletion of 5-HT seen in pial vessels after dorsal raphe stim ulation might be due to the exhaustion of a 5-HT-containing "critical releasable pool" of limited size in the pial vessels. The fact that no increase in 5-HIAA levels was noted after dorsal raphe stimu lation might be related to the short duration of stim ulation, which did not allow intraneuronal 5-HT degradation to occur. We confirmed the partial efficacy of superior cer vical ganglionectomy to reduce NA levels in the major cerebral arteries of the rat ( Table 2) . In these arteries, we found a decrease in 5-HT levels ( -33%) 1 week following the sympathectomy, find ings that are coherent with the hypothesis that there is uptake and storage of 5-HT into the sympathetic nerve fibers surrounding the major cerebral arteries (Chang et aI., 1988) . Conversely, bilateral extirpa tion of the superior cervical ganglia failed to alter the small pial vascular concentration of 5-HT. The fact that the 5-HIAA concentration was unchanged after sympathectomy in major cerebral arteries and that the turnover rate of 5-HT (as measured by the 5-HIAN5-HT ratio) was quite different from that in other tissues would support the view that 5-HT measured in the major cerebral arteries could be present, at least partly, in nonneuronal elements such as mast cells.
Taken together, these data speak for a central serotonergic innervation of the small pial vessels (that originates from the rostral raphe nuclei) and support the possibility of a false transmitter storage of 5-HT by the sympathetic nerve fibers surround ing the major cerebral arteries (that originate from the superior cervical ganglia). By extension, such differences would underline the existence of two anatomically (and putatively, functionally) differing compartments in the arterial and arteriolar supply to the cerebral capillary bed.
On the basis of (a) our present results, (b) the fact that the small pial vessels are the segment that con trols local cerebral blood flow, and (c) the fact that electrical stimulation of the rostral raphe nuclei pro duces changes in regional blood flow and glucose use in the brain (Cudennec et aI., 1988; Bonvento et aI., 1989) , we postulate that the serotonergic neu rons that innervate the small pial vessels may be of importance in the direct or indirect modulation and regulation of blood flow, at least at the level of func tional cortical units.
